Virologic and neurohistologic findings in three dairy goats that became affected with scrapie while living with naturally infected Suffolk sheep were essentially like those in affected sheep. Virus, detected by mouse inoculation, was widespread in non-neural sites, particularly in lymphatic tissues and intestine. In most sites, titers of virus ranged from 3.0 to 3.5 10gIO mouse intracerebral LDr.o/30 mg of tissue. Virus was in nervous tissue in much higher titer. Ranging from 5.1 to 5.8 10glO' the highest mean titers were in the diencephalon, midbrain, medulla oblongata and cerebellar cortex-sites of the most severe histologic changes. Although these changes were like those in naturally affected Suffolk sheep, they differed somewhat from those in goats affected with the experimental disease. Spongiform alteration of neuropil was minimal, and the more rostral parts of the brain, such as corpus striatum, globus pallidus and septal area, had few changes. Concentrations and distribution of virus in non-neural tissues were consistent with the conclusion that scrapie virus no doubt can be maintained by contagion in a herd of goats living apart from infected sheep.
Scrapie is best known as an infectious disease of the domestic sheep (Ovis aries), but it also occurs naturally in the domestic goat (Capra hircus) [4] . Little information has been reported about the disease in the goat, however, probably because its low prevalence in this species has afforded few infected animals for detailed study. Although dairy goats have been used often to study experimental scrapie virus infection [II, 16, [20] [21] [22] 26, 27] , observations from such studies may not reflect events that happen in naturally infected goats. In fact, some may be outright misleading [II ] .
While studying naturally infected sheep, we had an opportunity to examine similarly infected goats from the same place. Even though only three of many scrapie-affected goats were examined, they nevertheless provided information hitherto unavailable about the natural disease in the caprine host.
• Deceased. November 25, 1977. 187 Materials and Methods Three closely related adult female dairy goats affected with scrapie were obtained from a small herd kept with an infected flock of Suffolk sheep at the Scrapie Field Trial in Mission, Texas [15) . Of Nubian X Toggenburg breeding, they were second and third generation descendants of scrapie-free goats originally added to the infected flock of sheep to study contact transmission of scrapie. Goats I and 2, 38-month-old twins, had always lived with infected sheep and goats. Goat 3, 49 months old, had also lived with such animals until about 3 months before it became affected. Parents of goats I and 2 and the dam of the other succumbed to scrapie in the same environment when 44 to 46 months old.
At different intervals after onset of clinical signs of scrapie, the goats were killed by exsanguination while under pentobarbital anesthesia. About 30 tissues were collected from each for virus isolation. Cerebrospinal fluid was withdrawn from the cisterna magna, bone marrow was expressed from the sternal ends of ribs, feces were taken from the distal colon, and milk was collected from the opened cistern of a mammary gland. All specimens were sealed in ampoules and transported in dry ice from Mission to Rocky Mountain Laboratories, where they were stored at -65 0 C until processed further.
Ten percent suspensions of the tissues were prepared in serum-saline and assayed for scrapie virus in mice as described [6, 7, II) . For each serial IO-fold dilution of the suspensions and body fluids. 10 female Swiss mice were inoculated intracerebrally and observed 24 months for clinical signs and lesions of murine scrapie. Titration endpoints, expressed as 10gIO mouse intracerebral LD5Q/30 mg of tissue, were calculated by the method of Spearman and Karber [5) . Mice alive at the end of24 months and those that died of intercurrent disease after the last mouse in a dilution group became affected with scrapie were regarded as survivors in calculating the titer. The possible rare occurrence of contact transmission within a dilution group was ignored in such calculations. Replicate titrations by this method usually give endpoints differing by not more than ± 0.3 10glO.
Tissues for neurohistologic examination were fixed in neutral buffered 10%formalin and in formalin-ammonium bromide and then processed and evaluated as described [10) . Two accounts of neuroanatomic features in the goat were used to identify specific neuronal groupings in the diencephalon and brain stem [I, 24) .
Results

Clinical considerations
All three goats were affected with typical caprine scrapie, often seen at the Scrapie Field Trial. Initial hyperexcitability, followed by increasingly severe incoordination of gait, especially of the hind legs, was the common clinical feature. Other signs included head tremor, teeth grinding, excessive salivation resulting in slobbering, impaired vision, and disorientation sometimes accompanied by continual wandering. Goats I and 2 lost much weight. Although goat 2 had been seen biting its hind legs shortly after onset of clinical signs, vigorous scratching or rubbing that would result in patches of bare or excoriated skin was not a feature of the disease in any of the three. Goat 1, which had been affected for about 3 months, was in a terminal stage of the disease when killed. The other two, which had been affected for about 6 weeks, were in an advanced stage of the disease. None was pregnant. All were lactating.
Virologic findings
In each goat, virus was widespread in non-neural tissues, most notably lymphatic tissues and intestine (table I). Titers of virus, usually 3.0 to 3.5 10glO' and the pattern of virus distribution were much the same in all three goats. Both superficial and deep lymph nodes were infected, as were the tonsil and spleen. The mean titer in the tonsil was slightly greater and that in the spleen slightly less than the mean titers (3.2 to 3.5 10glO) in lymph nodes. Unlike other lymphatic tissues, the thymus had only small amounts of virus in two goats (l and 3) and none in the other. In the terminal ileum and adjacent proximal colon, parts of the goat intestine rich in lymphatic tissue, the mean titers were slightly less than those in lymph nodes. Much less virus, however, was in the distal colon, which lacks such amounts of lymphatic tissue.
Of the other non-neural tissues, only the adrenal gland and nasal mucosa were infected in all three goats. The mean titer of virus in the adrenal gland was 2.8 10glO; that in the nasal mucosa even less. A trace of virus was detected in the lung of one of two goats tested. Virus was not detected in serum, blood clot, milk, feces, bone marrow, kidney, submandibular and parotid salivary glands, ovary, uterus (caruncle), or mammary gland. Skeletal muscle (vastus lateralis) was examined from only one goat, and it did not contain virus. Heart, liver and pancreas were not assayed.
Virus was detected in all anatomic divisions of the central nervous system examined (table II) . In general, titers were much higher than those in non-neural tissues, especially in goats I and 3. The highest mean titers, which ranged from 5.1 to 5.8 10glO, were in the diencephalon, midbrain, medulla oblongata and cerebellar cortex. By contrast, the mean titer in the cerebral cortex (parietal) was 4.6 IOglO and that in the corpus striatum 4.1 10glO. Similar concentrations of virus were detected in the spinal cord, with the greatest in the lumbar segment. The pituitary gland, infected in all goats, had moderate concentrations of virus. Cerebrospinal fluid contained a small amount of virus in goat I and only traces in the other two. In addition, virus in low titer was in the sciatic nerve of all three.
Neurohistologic changes
Histologic changes of scrapie were recognized readily in the central nervous system in all three goats. These changes consisted of shrinkage and increased basophilia of neurons sometimes accompanied by loss of other neurons, cytoplasmic vacuolation of neurons mostly in the brain stem, astrocytosis varying from hypertrophy to undoubted proliferation, and mild rarefaction of the neuropil mainly in the form of scattered small holes. The relative prominence of these changes varied from one anatomic site to another depending in part on the cytoarchitecture of the site. Collectively regarded as the degenerative lesion of scrapie, they were described in detail elsewhere (10] . In all three goats, the changes were predominantly in the diencephalon, brain stem and cerebellar cortex.
In the diencephalon, selective damage of certain thalamic nuclei was the outstanding finding. The nucleus ventralis posterior and the lateral and medial geniculate nuclei were diffusely affected in all three goats. Well delineated from unaffected contiguous nuclei, the nucleus ventralis posterior was made conspicuous by its dark neurons and many large naked astrocyte nuclei ( fig. I, 2 ). Neuronal degeneration and astrocytosis were especially pronounced in the geniculate nuclei ( fig. 3, 4 ). In addition, the pulvinar and adjacent pretectal area were severely damaged in goat 3 and moderately so in the other two. The nucleus anterior ventralis was also severely affected in goat 3, whereas it was only slightly affected in goat I and unaffected in goat 2. Degeneration of the nucleus lateralis dorsalis anterior was moderate in goats 1 and 3 and minimal in goat 2. Except for severe degeneration of the nucleus medialis dorsalis in goat 3, other thalamic nuclei were unaffected in all goats. Even when neuronal degeneration in the nuclei was moderate, astrocytosis was often striking.
Although less dramatic than those in the thalamus, degenerative changes also occurred in the hypothalamus. Scattered shrunken, angulated neurons and many small holes in the neuropil largely characterized the degeneration in the lateral hypothalamic area. In goats I and 2, the supraoptic nucleus was generally disrupted by many intercellular spaces and a few vacuolated neurons. Most neurons were faintly stained and looked frayed. Some had disappeared ( fig. 5 ). In goat 3, changes in this nucleus were less striking. The paraventricular nucleus had similar, but less severe, changes. Rarefaction and moderate to pronounced astrocytosis were in the mammillary body, in which the peripheral neurons were sometimes vacuolated. Other parts of the diencephalon were intact.
In the midbrain, small holes were scattered throughout the tegmentum. Other than these and an occasional vacuolated neuron, the substantia nigra was not obviously altered. Large cytoplasmic vacuoles in neurons of the red nucleus were especially prominent in goats I and 3 ( fig. 6 ). Most other neurons were shrunken and dark. Except for slight astrocytic hypertrophy in its more lateral part, the rostral colliculus was unchanged. By contrast, vacuolated neurons, intercellular holes and pronounced astrocytosis exemplified the changes in the caudal colliculus of all three goats.
In the pons and medulla oblongata, neuronal vacuolation was more conspicuous and astrocytosis less so than in the more rostral levels of the brain. The pontine and papillioform nuclei were severely affected in goat I and moderately so in the other two. Also in goat I, most neurons of the ventral tegmental nucleus were either vacuolated or shrunken. The nucleus of the trapezoid body, which includes the superior olive in some designations, was moderately affected in all three goats. The neurons were shrunken, dark and seemingly fewer than normal. The accompanying astrocytosis varied from slight to moderate. Neurons of the lateral and medial vestibular nuclei were shrunken or vacuolated, especially in goats I and 2 ( fig. 7) . In all three, most neurons of the lateral cuneate nucleus were similarly changed, and many intercellular holes were dispersed in the area (fig. 8 ). The degeneration was especially striking in goat I. Many neurons of the pontobulbar reticular formation were also shrunken and vacuolated. The inferior olive, by contrast, was spared in all three goats. Changes in other nuclei of the pons and medulla oblongata were inconstant, or were not as evident as those elsewhere.
The cerebellar cortex and roof nuclei were affected in all three goats, but especially in I and 3. Although some Purkinje cells were shrunken and misshapen, they were mostly intact, vacuolated ones being rare. Ectopic Purkinje cells strewn in the molecular layer of ventral midline folia seemed more numerous in goats I and 2 than in normal goats. Short gaps in the Purkinje cell layer occasionally suggested loss of these cells, but empty baskets (indicative ofPurkinje cell loss) were not demonstrated by Marsland-Glees silver impregnation. Increased numbers of Bergmann glial cells were conspicuous in many folia of goats I and 3 ( fig. 9 ). Other than these changes and a few holes scattered mainly in the granular layer, the cerebellar cortex looked unaltered in sections stained with azure-eosinate. Nevertheless, Cajal's gold sublimate impregnation revealed a vivid meshwork of hypertrophied astrocytes in the granular and Purkinje cell layers and radial astrogliosis of variable density in the molecular layer ( fig. 10 ). This astrocytic response was generally pronounced in goats I and 3; it was less so in goat 2, and then only in some folia. A few neurons of the fastigial and interposed nuclei were vacuolated, but most were shrunken. Such changes were less evident in the dentate nucleus.
Unlike other parts of the brain, the telencephalon was essentially unaffected in all three goats. Other than hypertrophy of astrocytes in its deeper laminae and adjacent white matter in goat 3, the cerebral cortex was normal. Similarly, the only change in the corpus striatum and globus pallidus was slight hypertrophy of astrocytes in goats I and 3. In these same goats, a few neurons in the septal nuclei were shrunken or vacuolated. Small holes were scattered in the substance of the olfactory tubercle in goats 2 and 3. Such minor changes in these basal structures were not accompanied by an astrocytic response.
The spinal cord was not examined in detail, but it did not seem greatly affected in any goat. The only change found was a few vacuolated neurons mostly in the lateral intercornual cell columns, and then mainly in goat I at all levels of the spinal cord.
Although a few blood vessels lightly cuffed with lymphocytes were scattered through the brain in each goat, they bore no particular spatial relation to areas of degeneration. In sections stained with luxol fast blue-PAS, white matter appeared intact. PAS positive plaques were not seen.
Discussion
Virologic findings in non-neural tissues of the three goats were essentially like those in naturally infected Suffolk sheep from the same place [I2). In both hosts, virus in moderate titer was mainly in lymphatic tissues and intestine. We have not examined goats during the early preclinical phase of the infection when virus in sheep is limited to a few non-neural tissues, such as tonsil and supra pharyngeal and mesenteric-portal lymph nodes. Nevertheless, the common pattern of replication found during active disease in both species suggests that antecedent events of the infection in the goat are the same as those in sheep. Regardless of whether this is so, the important point is that virus continued to replicate in non-neural sites throughout the long course of the infection; it was not eliminated from them once it reached the central nervous system and disease supervened.
If this pattern of virus replication in non-neural tissues is consistent with natural transmission by contagion in sheep, as we believe it is [I2), then it should be so in goats as well. For this reason, natural infection in the caprine host most likely is not a dead-end one, as was suggested by a study of goats experimentally infected with mouse-passaged virus (Chandler strain) [I 1]. The occurrence of scrapie in the goat, therefore, need not be limited to those cohabiting with infected sheep, even though such cohabitation was described in nearly all reported cases [2, 3, 13-15, 17, 23] . Rather, scrapie virus no doubt can be maintained by contagion in a herd of goats living apart from infected sheep. Recent epidemiologic observations at the Scrapie Field Trial support this conclusion (15] ; goats born away from any sheep, but in contact with infected goats, succumbed to scrapie. As we proposed for lambs in the same environment (12] , kids most likely become infected early in life by way of the alimentary tract. At what a,ge this usually occurs is not clear. In one study (15] , kids isolated at birth from infected sheep and goats did not become infected, whereas many of those isolated when 6 months old did.
To what extent the strain of virus has a bearing on these pathogenetic events in the goat is not known. Virus causing infection in goats at the Scrapie Field Trial almost certainly was from the Suffolk sheep with which they had lived ever since the original scrapie-free goats were brought there. Because the biologic behavior of virus from Cheviot sheep differs in several ways from that from Suffolk sheep [4] , perhaps it would cause a different pattern of infection in goats exposed to it. The low titers and limited distribution of virus in non-neural tissues of goats infected with Chandler virus (11], which had its origin in Cheviot sheep many years ago [4] , no doubt attests to this. Also, the limited replication of virus in non-neural tissues may explain partly why contact transmission did not occur when goats were exposed to sheep or goats experimentally infected with this virus Of with other passage levels of the parent isolate, designated SSBPIi [2, 11, 19] .
Virologic findings in nervous tissue also were essentially like those in affected Suffolk sheep we examined [12] . They differed from those in experimentally infected goats (11] mainly in that the generally higher titers of virus were distributed in a more uniform topographic pattern in the central nervous system. As in the sheep, the highest titers were in the diencephalon, midbrain, medulla oblongata and cerebellar cortex-sites of the most severe histologic changes. Despite such tissue damage, enough cells supporting replication of virus survived in these parts of the brain to maintain the high titers there to the end. The lower concentrations of virus in cerebral cortex, corpus striatum and spinal cord may indicate they became infected later than the other parts, perhaps from them, or their cells are less able to support replication of virus. The low titers of virus in the sciatic nerve probably resulted from extension of the-infection in the lumbar spinal cord as a late event.
Just as the virologic findings in the three goats were like those in similarly affected Suffolk sheep, so too were the neurohistologic changes [12] . This sameness was observed by others in goats that became affected with scrapie while living with naturally infected Suffolk sheep [2] . Except for several obvious differences, the histologic changes were also much like those in goats affected with the experimental disease [10, 25) . Spongiform alteration ofgray matter-emphasized by the appellation "spongiform encephalopathy," commonly applied to scrapie and similar diseases of man [9] -was not impressive. This was in striking contrast to the spongy disruption of neuropil often found in the diencephalon of goats that had been inoculated intracerebrally with scrapie virus. Cytoplasmic vacuoles in neurons, however, seemed more conspicuous in the natural disease than in the experimental one rio, II]. The general topographic pattern of the neurohistologic changes was alike in both, except that the more rostral structures, such as corpus striatum, globus pallidus and septal area, were only slightly affected in the natural disease. In this respect it resembled the experimental disease occurring after subcutaneous inoculation of virus [II] . However these differences might be explained, by route of exposure to virus, strain of virus, tempo of the disease process, or individual variations in the host response, their pathogenetic significance is not known [8] .
Common to both the natural and the experimental disease was the apparent selective vulnerability of thalamic nuclei to injury. Medial and lateral geniculate nuclei and nucleus ventralis posterior were always affected, and the nucleus anterior ventralis and nucleus lateralis dorsalis anterior often. Other thalamic nuclei were not or were less severely affected. Even when changes in the thalamus were more widespread, as in the experimental disease induced by intracerebral inoculation of virus, damaged and undamaged nuclei were still sharply delineated from one another. First reported in goats affected with the experimental disease [10] , this distinctive feature of the neuropathologic changes emphasizes the need to examine precise levels of the diencephalon when histologic evidence of scrapie is sought, especially when such evidence is minimal.
Despite the great difference in duration of clinical disease between goats I and 3, the severity of neurohistologic changes and titers of virus in the brain were much the same in both. In goat 2, killed at a clinical stage comparable to that of goat 3, the generally milder lesions in critical parts of the brain were accompanied by about I 10glO less virus than in the other two. Even so. as observed in experimentally infected goats [II], the severity of neurohistologic changes and titer of virus in-particular parts of the brain are often poorly correlated once a certain threshold concentration of virus, probably about 3 10glO, is reached. Presumably, then, variations between these findings reflect the interplay of the temporal features of virus replication in the brain and the tempo of the neuropathologic process, which may vary considerably from one goat to another [10, 11] .
Accumulated information from the study of sheep and goats indicates natural scrapie virus infection is initiated early in life in non-neural sites, particularly in lymphatic tissues and intestine [12, 15] . After many months of replication there, virus finds its way to the central nervous system, where it replicates to much higher titer and neurologic disease eventually supervenes. However useful our limited observations reported here may be in outlining this sequence in the infectious process, they leave unanswered many questions about the pathogenesis and natural history of scrapie in the goat. Before they can be dealt with adequately, more needs to be known about the virologic events taking place in non-neural tissues. Indeed, this will be the key to understanding scrapie as an infectious disease in either the goat or the sheep [18] .
